Self-organizing maps (SOMs; a feather-extracting technique based on an unsupervised machine learning 17 algorithm) are used to classify the atmospheric boundary layer (ABL) types over Beijing by detecting topological 18 relationships among the 4-yr (2013-2016) radiosonde profiles. The resulting ABL types are then examined in 19 relation to air quality, including surface pollutant concentrations and columnar aerosol properties, to understand 20 the regulating effects of different ABL structures on Beijing's air quality. The SOM provides nine ABL types (i.e., 21 SOM nodes), and each type is characterized by distinct dynamic and thermodynamic conditions. On average, SO 2, 22 NO 2 , CO, PM 10 and PM 2.5 increase 120-220 % from a near neutral (i.e., node 1) to strong stable condition (i.e., 23 node 9). The ABL controls on diurnal cycles of pollutants are as follows: (1) elevated inversion enhances the 24 afternoon baseline; and (2) surface inversion improves the evening increment. Comparing the CO/SO 2 ratios for 25 the different ABL types demonstrates that the local contribution increases with enhanced static stability near the 26 ground, and it is the stable ABL stratification rather than weak surface wind that confines the regional contribution. 
219
(119 %), 1.5 mg/m 3 (202 %), 91.6 μg/m 3 (119 %) and 95.9 μg/m 3 (218 %) from the near neutral ABL condition 220 (i.e., node 1) to strong stable condition (i.e., node 9), respectively. The highest increasing amplitude is related to 221 PM 2.5 , suggesting fine particulate matters are likely accumulated from not only primary emissions but also 222 secondary formation (Zhang and Cao, 2015) . As we have shown, the more stable ABL conditions tend to 223 (NO x and VOCs). The low O 3 level in the stable ABL can be explained by the strong titration reaction. Since O 3 is 232 highly reactive, when trapped in a stable layer, surface titration by the NO emitted from vehicles can cause a rapid 233 reduction in O 3 concentration. In previous studies, persistent low O 3 concentration were observed in the stable 234 boundary layer condition in Beijing . Conversely, when near-surface wind speeds are higher 235 (near neutral condition such as node 1), O 3 is mixed downward from the overlying air mass, resulting in higher 236 concentrations. Nevertheless, it is worth noting that the extremely high O 3 values (not shown) were also detected 237 on very stable days (i.e., node 9), suggesting the complexity of O 3 behavior in response to the boundary layer 238 structure (Tong et al., 2011; Haman et al., 2014). 239
240
To obtain a more in-depth understanding of the physical mechanisms behind the relationship between air 241 quality and ABL structure, diurnal composite hourly concentrations of atmospheric pollutants are formed for each 242 ABL type. The SOM-based ABL classification scheme provides a consistent, gradual distinction in the diurnal 243 cycles of surface air pollutants from near neutral to strong stable conditions. The composite diurnal evolutions of 244 air pollutants in the four typical ABL types (i.e., nodes 1, 3, 7 and 9) are illustrated in Fig. 6 . The diurnal cycles of 245 SO 2 , NO 2 , CO, PM 10 and PM 2.5 are extremely pronounced under the strong stable condition (i.e., node 9), 246 although very reduced under the near neutral condition (i.e., node 1). In contrast, the behavior of O 3 is completely 247 different from other pollutants. The results suggest that the chemical species, which are mainly produced by 248 there is a huge distinction in the afternoon concentrations (i.e., afternoon baselines). This sheds some light on the 257 common patterns of the ABL controls on the near-surface air quality in Beijing. Considering the thermal inversion 258 feather in each of ABL types ( Fig. 1) , the regulating effects of ABL on near-surface concentrations can be 259 concluded as follows: (1) elevated inversion enhances the afternoon baseline; and (2) surface inversion improves 260 the evening increment. Obviously, the high afternoon baselines in nodes 3 and 9 can be attributed to elevated 261 inversion, while high evening increments in nodes 7 and 9 can be attributed to surface inversion. Since surface 262 inversion usually develops shortly before sunset due to radiation cooling, the evening traffic emission peak is 263 counteracted by a stabilizing boundary layer. Consequently, the air pollutants such as NO 2, CO, PM 10 and PM 2.5 264 often experience an explosive growth from afternoon to midnight. In contrast, elevated inversion usually forms 265 due to synoptic forcing (such as synoptic advection) (Hu et al., 2014; Xu et al., 2016) and can persist for several 266 days; as a result, the daytime mixing volume is also depressed, causing a relatively higher afternoon 267
concentration. 268 269
Beijing has relatively little industry but numerous automobiles, and the emissions of SO 2 are small while those 270 of CO, NO x and particles are much larger (Zhao et al., 2012) . By comparison, the diurnal behaviors of SO 2 and 271 other pollutants are completely different. For example, in node 9, SO 2 show a lower nighttime concentration but a 272 sharp increase after sunrise, whereas NO 2 , PM 10 and PM 2.5 show a higher nighttime concentration with a slight 273 morning increase associated with the traffic emission. The results largely suggest that the changing ABL structure 274 affects the near-surface observations of locally and remotely sourced pollutants in very different ways. In the 275 evening, since the stable boundary layer (SBL) and the residual layer (RL) are essentially decoupled with each 276 other (Stull, 1988) , locally sourced pollutants emitted into the surface layer (such as CO, NO 2 and particulate 277 matters from vehicular emissions) become trapped close to the surface. In contrast, remotely sourced pollutants 278 emitted from chimneystacks above the SBL (such as SO 2 from power plants in the Hebei Province) may be stored 279 within the RL aloft and not penetrate into the SBL. As the daytime convective turbulent mixing developed in the 280 morning, the rapid momentum transfer between the surface and aloft air transported the pollutants stored in RL 281 downward and meanwhile upwardly mixed the pollutants trapped from the previous night in the surface layer 282 (Salmond and McKendry, 2005) . It is observed in Fig. 6 that after a stable night, the burst of turbulent activity in 283 the morning coincides with a rapid increase in SO 2 concentration (Fig. 6) . Since there is no significant increase in 284 SO 2 emission at the surface at this time, this result strongly suggests that increased SO 2 in the morning resulted 285 from the downward mixing of stored SO 2 in the RL aloft. In a previous case study, Li et al. (2017b) reported that 286 as a result of both turbulent mixing and the advection of high concentrations of air pollutants above the surface 287 layer, the urban area of Beijing experienced a dramatic increase of the PM 2.5 concentration in the morning on 30 288
November 2015. 289
290
Given the importance of local vehicle emissions vs. more-distance power plant and industrial emissions for 291
Beijing's air quality, the ratio of CO/SO 2 can be considered as an indicator of the contribution of local emissions 292 to air pollution, with higher ratios indicating higher local contributions (Tang et al., 2015). Fig. 7 shows the 293 composite diurnal variations of CO/SO 2 ratios in the four typical ABL types (i.e., nodes 1, 3, 7 and 9). The 294 contrasts between CO/SO 2 ratios for the various ABL types are noticeable during the nighttime, whereas 295 differences during the daytime are minimal. During the daytime, when the ABL is well mixed, near-surface 296 pollutant concentrations represent a combination of local and remote sources. In the evening, however, the earth's 297 surface begins to cool, and a stable boundary layer begins to form from the ground up. If sufficiently strong, the 298 nocturnal surface inversion can isolate near-surface observations from the influence of distant sources (Crawford 299 et al., 2016). Consequently, the more stable the nocturnal conditions near the ground, the higher the CO/SO 2 ratios 300 that occur (Fig. 7) . The results are consistent with previous studies (Tang et al., 2015; Zhu et al., 2016), indicating 301 local contribution increases with enhanced static stability in the surface layer over Beijing. According to the above 302 analysis, high pollutant loadings in node 9 are mostly attributable to local contributions (the highest CO/SO 2 ratios 303 in node 9); however, high pollutant loadings in node 3 are more likely due to regional contributions (the lowest 304 CO/SO 2 ratios in node 3). Obviously, it is the stable stratification rather than the weak surface wind that confines 305 the regional contribution. wreaked havoc across Beijing and its surroundings, which resulted in severe damages to the environment and 381 human health. Fig. 11 shows the hourly variations of PM 2.5 and AOD 440nm during the three heavily polluted 382 months. It is observed that the PM 2.5 concentrations were frequently elevated to above 200 μg/m 3 , and the AOD 383 often exceeded 1.0 in Beijing during these three months. The ABL types (shown at the top of each plot) reveal that 384 pollution episodes were generally associated with the control of nodes 3 and 9, and clean episodes were often 385 associated with the control of node 1. For example, the severe pollution episode that occurred from 9-14 January 386 
